Tillage and crop rotations are practices that influence yields and economic returns. This study was conducted at seven locations in Iowa from 2003 to 2013 with a split-plot design. Tillage systems [no-tillage (NT), strip-tillage (ST), chisel plow (CP), deep rip (DR), and moldboard plow (MP)] were the main treatment and
S
oybean is the world's most widely grown legume, as it is an important source of protein and oil (Ainsworth et al., 2012) . Approximately 30% of the world's soybean is produced in the United States and Iowa is the leading soybean producing state with an annual production of approximately 14 million tons of soybean in 2014 (USDA-National Agriculture Statistics Service, 2014). In Iowa, soybean is usually planted in rotation with corn in either C-S or C-C-S rotations. Farmers are interested in how different crop rotation and tillage systems affect soybean yields.
There is a general consensus that crop rotation increases soybean yield and economic return (Pedersen and Lauer, 2004; Kelley et al., 2003) . Numerous studies have shown that soybean yield decreases when grown continuously as a monocrop rather than in rotation with a cereal crop (Crookston et al., 1991; Meese et al., 1991; West et al., 1996) . However, the length and the type of the rotation can affect the "rotation benefit" for soybeans. In Wisconsin, soybean yield in an annual rotation with corn averaged 7% lower than soybean yield after 5 yr consecutively of corn Lauer, 2002, 2003) . Different tillage systems also affect soybean yields through changes in soil water content and temperature, among many other factors (Licht and Al-Kaisi, 2005) . Across years with no-tillage, soybean yield was 9% higher than yield with conventional tillage, which was attributed to higher early-season soil water content (Pedersen and Lauer, 2004) .
Soybean response to different tillage and crop rotation systems is highly complex and influenced by location-specific soil conditions, including soil drainage, soil texture, soil organic matter content, soil water-holding capacity, and weather conditions, including temperature, amount and distribution of precipitation, and frost-free days (Grassini et al., 2014) . To understand soybean yield changes, we have to explicitly consider and incorporate temporal and spatial variability effects on soybean growth and yield, and their response to various cropping systems including crop rotations and tillage systems (Guastaferro et al., 2010; Basso et al., 2007; Batchelor et al., 2002) .
In addition to spatial-temporal variability, environmental concerns (Kumar et al., 2012) , grain price, and the desire of farmers to reduce production costs further influence the choice of management strategies for soybean production (Guastaferro et al., 2010) . Tillage and crop rotation influence soil quality and the sustainability of cropping systems' productivity (Munkholm et Soybean Spatiotemporal Yield and Economic Variability as Affected by Tillage and Crop Rotation al., 2013) . In a long-term study in Iowa, Yin and Al-Kaisi (2004) found no differences in soybean yield between no-tillage and conventional tillage systems but higher economic returns with the no-tillage system. The findings of Toliver et al. (2012) regarding soybean yield variability with tillage systems across locations and soil types support the hypothesis that soil and climate affect no-tillage yields relative to conventional tillage yields. This outcome may be an important factor that influences decisions by farmers to adopt certain management practices. Therefore, annual variability in yield may limit the adoption of certain tillage systems (Ribera et al., 2004; Larson et al., 2001) . One way to address the year-to-year variability in soybean yield is to conduct long-term studies in which the effect of crop rotation, soil fertility, and tillage system on crop yields can be minimized (Karlen et al., 2013) . This is particularly important when agronomic treatments such as crop rotations and tillage systems are studied, because time is needed for biophysical interactions among soil, crops, and pests to stabilize (Drinkwater, 2002) . Long-term studies are useful for showing the cumulative effects of management strategies on crop yields, profitability, and soil properties and can delineate the risks and benefits of cropping practices (Stanger et al., 2008; Coulter et al., 2011; Toliver et al., 2012) . Agronomic assessments of different crop rotations and tillage systems are most valuable when coupled with economic analyses because the economic returns and input costs are often the piece of information most requested by farmers (MeyerAurich et al., 2006; Stanger et al., 2008) . Farmers' confidence in the adoption of new management practices would increase if it can be demonstrated that the practices are beneficial over time. However, the development of long-term and multilocation productivity datasets is expensive and time-consuming, which may lead to reliance on short-term studies for management recommendations.
This study investigates soybean response to rotation and tillage practices in the United States Midwest by analyzing and interpreting a comprehensive 10-yr dataset across seven Iowa locations representing diverse soil and weather conditions in Iowa. The specific objectives of the study were to: (i) investigate annual variability of soybean yield across locations, (ii) identify appropriate tillage systems within a location and crop rotation, and (iii) evaluate tillage × rotation × location interactions to quantify the rotation effects on soybean yield and the economic returns of cropping systems that include corn and soybean in three rotations (C-S, C-C-S, and C-C). 
MAteriAls And Methods experiments locations, design,
and Weather information The experiments were conducted at seven Iowa State University research and demonstration farms that cover a range of different soil types (Table 1) and precipitation gradients (Fig. 1) . The locations were chosen to represent the major soil associations in Iowa. All the soils are characterized by high topsoil organic matter content of 35 to 55 g kg -1 and high waterholding capacity in the range of 0.34 to 0.4 cm 3 cm -3 (Table 2) but with different drainage classes ( Table 1) .
The experimental design was a split-plot with tillage as the main plot and crop rotation as the subplot treatment, completely randomized in four replications at each location. The five tillage treatments include NT, ST, CP, DR, and MP, which were randomly assigned within each replication. Within each tillage treatment, three crop rotations (C-S, C-C-S, and C-C) were assigned at all locations. The plots' dimensions were 9.1 to 27.4 m long by 18.3 to 34.6 m wide. Replications were separated by 8.3-to15.2-m fallow borders. The soybean plant population was between 30 and 35 plants per m 2 . Soybean was planted using a six-row Kinze planter model 3000 (Kinze Manufacturing, Inc., Williamsburg, IA). Corn in the rotations received 146 kg N ha -1 after soybean and 190 kg N ha -1 after corn. The N rate for corn was based on Iowa State University recommendations (Blackmer et al., 1997) . The yearly soybean cropping systems with corn in two rotations of C-S, C-C-S, and a C-C system are listed in Table 3 .
Weather data from local weather stations at each location were used in determining precipitation and growing degreedays. Growing degree-days (the base temperature was 10°C), cumulative annual precipitation, and growing season precipitation (1 June first to 15 September) were calculated for each season at all locations and are presented in Fig. 1 . On average, 1253°C growing degree-days and 397 mm of precipitation were recorded during the growing season across years and locations. Approximately 42% of the annual precipitation occurred during the growing season (June-September).
Field operations
The same primary and secondary tillage operations were conducted every year at each experiment location in the fall (October-November) and spring (March-April) seasons, respectively, since the establishment of the study in 2003. No-tillage in this study is defined as the typical no preplanting soil disturbance involving the direct seeding of soybean into soil with surface residue from the previous crop. In the NT treatment, a single coulter was used to cut through the residue along with a set of residue cleaners to remove residue to the side of the row, clearing a 15-cm soil zone ahead of the standard planting unit. The CP treatment was implemented with a commercially available model (714 Mulch Tiller, John Deere, Ankeny, IA) mounted on a tool bar with straight shanks and twisted chisel plow sweeps at the bottom. The shanks were mounted on four tool bars in a staggered order to ensure an effective spacing of 30 cm between shanks for a 22 to 25 cm tillage depth. The ST treatment was 20 cm deep, established with an anhydrous mole knife (Wiese NH3 knife, A50H style standard knife, A50H104X, Wiese Industries, Inc. Perry, IA) centered between two cover disks 20 cm apart. The tilled zone was 20 cm wide and 20 cm deep, with a 10-cm berm or ridge close to the previous row. The DR treatment was established with a commercially available model (510 Disc Ripper, John Deere) with four straight shanks spaced at 76 cm apart on a 3-m long (three points) tool bar. The effective tillage depth of the DR treatment with the straight shanks was 46 cm. The MP treatment was also established with a commercially available model (540, International Harvester, Warrenville, IL) with four full bottoms, 46 cm wide and 25 cm deep. The MP treatment resulted in a complete inversion of the soil surface with nearly 100% incorporation of crop residue. All tillage treatments, except NT and ST, received spring field cultivation 10 cm deep before planting. Tillage treatments were the same for all plots during the study regardless of the crop grown in each year, either corn or soybean.
soybean Management
Soybean cultivar information and dates of planting are summarized in Table 3 . Planting density was approximately 30 to 35 plants m -2 at a row spacing of 76 cm in all experiments. On average, across experimental locations and years, soybean planting occurred between days of the year 122 to 135 in May (Table 3 ). In poorly drained soils under NT, soybean may experience a delay in emergence because of colder temperature than under conventional tillage systems (Licht and Al-Kaisi, 2005) . The soybean cultivars belong to maturity Group 2 for northern locations and Group 3 for southern locations. The only fertilizer applied every season, based on soil test recommendations (Mallarino, 2002) , was P as P 2 O 5 (45 kg ha -1 ) and K as K 2 O (84 kg ha -1 ) using a 16-m Chandler dry fertilizer spreader (Chandler Co., Gainesville, GA).
grain Yield
Soybean grain from the center six rows, (125.4 m 2 ) of each plot (250.8 m 2 ) was harvested with a commercial six-row combine (John Deere 9450 combine, John Deere 615 grain platform, John Deere, Moline, IL) equipped to determine harvested grain weight and moisture content simultaneously. Soybean yields were calculated at 130 g kg -1 moisture content.
economic Analysis
The Ag Decision Maker (Duffy, 2014) was used to calculate the economic returns of the various tillage systems and crop rotations in this study. Economic return is defined as the difference between gross income and input cost. Gross income was estimated by multiplying the obtained grain yield (for each treatment within each replication) by the soybean grain price of $470.24 per metric ton based on the USDA's soybean price of $0.47 kg -1 [$12.80 bu -1 (60 lb soybean = 1bu = 27.22 kg)] in 2013. Fixed soybean price and input costs across years and locations were used in calculating the net economic return. The input costs included the following: (i) preplanting operations (machinery), (ii) supplies (seeds and chemicals), (iii) harvest (combine, soybean haulage, drying, and handling), and (iv) labor. In this analysis, the land cost, crop insurance cost and the liming cost were not included. On the basis of farm records kept by Iowa State University farm managers, those costs are the same for the different tillage systems and crop rotation treatments. Therefore, they have no effect on the outcome of the analysis, which aim to compare the different tillage systems and crop rotation treatments. The time required for each field operation was based on the results of Hanna (2001) , using machine sizes of intermediate field capacity. The farm labor cost for operating machinery, spraying (weed, pest, and disease control) or harvesting used in the analysis is $14.90 h -1 and $13.30 h -1 for other operations based on the Ag Decision Maker (Duffy, 2014) . The labor cost included the actual fieldwork, the time for maintenance, travel, and other activities related to soybean production.
data Analysis
Three different statistical analyses were implemented using PROC Mixed procedure in SAS (SAS Institute, 2011) to address the objectives of this study: The first analysis was for soybean yield response to year, location, tillage, and their interactions within each rotation separately (C-S and C-C-S; Fig. 2 and Fig. 3 , respectively). The effects of year, location, and tillage were fixed. Years in this analysis were included in the REPEATED statement and the best structure for the variance-covariance matrix of the residuals was chosen from a set of reasonable options. When differences among tillage systems were significant at P < 0.05 within a location and a specific year, we computed the SE of the difference within a location and year and included this number multiplied by 2 to illustrate the variability (error bars in Fig. 2 to Fig. 4) . It should be noted that the effect of rotation was not included in this analysis because the nature of the experimental set-up in which soybean grows every second or third year (except Nashua; Fig. 2 ).
The second analysis was conducted to investigate the response of regional yields, input cost, and economic returns to tillage system within each rotation separately. In this analysis, location, tillage, and their interactions were fixed effects and years were considered to be random effects. To evaluate the effect of tillage at a location, we used the slice option in LSMEANS in the MIXED procedure of SAS. The third analysis was conducted to investigate the rotation effect on soybean yields and economic returns for the years where soybean was present in both rotations in the same year at each location (Fig. 5) . Crop rotation, location, tillage, and their interactions were the fixed effects and year was considered to be a random effect. To evaluate the effect of rotation at a location we used the slice option in LSMEANS in the MIXED procedure of SAS. Data on the economic returns of corn from the same locations that were recently published (Al-Kaisi et al., 2015) are used in this paper for combined analysis of the overall cropping system effect on both corn and soybean economic returns. results temporal and spatial variability in soybean Yield Soybean yields varied across locations and years and among tillage systems in some years and locations ( Fig. 2 and Fig. 3) . The results are presented for each crop rotation separately. Within each rotation, there were significant interactions among years, locations, and tillage systems (Table 4 ). The effect of tillage on soybean yield was significant in 12 out of 49 yr-locations with the C-S rotation (Fig. 2) and 9 out of 32 yr-locations with C-C-S (Fig. 3) . When the yield differences were significant, soybean yields were higher in the conventional tillage systems (CP, DR, and MP) than in ST and NT. The only exception was in the C-S rotation at the McNay location, where soybean yield under NT was superior to other tillage systems (Fig. 2) .
Soybean yields across seven locations varied from 1.5 to 5.0 Mg ha -1 with no detectable trend over the 10-yr period of the study (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . The lowest soybean yields were consistently obtained at the McNay (south central Iowa) location, which was consistent in both rotations. Soybean yields at the Armstrong and Sutherland locations reached a maximum of 5 Mg ha -1 with the C-S rotation in 2009 and 2005, respectively, but soybean yields at other locations were lower than 5 Mg ha -1 in all years.
The temporal variability in soybean yield was quantified by calculating the CV (SD divided by the mean value) for each location and rotation separately. These results are shown in Fig. 2 and Fig. 3 . The annual variability in soybean yield across locations was 20 and 22% in C-S and C-C-S rotations, respectively. With both rotations, the Crawfordsville location (southeast Iowa) had the lowest annual yield variability (CV = 16%) and the Ames location (central Iowa) had the highest (CV = 26%).
tillage effects on soybean Yield, input cost, and economic return regional soybean Yields
The yield response to tillage systems was different between the two rotations. Significant interactions between tillage and location were observed with the C-S rotation (P < 0.001) but not with C-C-S (P = 0.78; Table 5 ). In the C-C-S rotation, the tillage effect on regional soybean yield was significant (P = 0.023) but the effect of location was not different (P = 0.80). In the C-S rotation, soybean yields associated with conventional tillage systems (CP, DR, and MP) were not significantly different from those with ST or NT at four out of seven locations (Sutherland, Kanawha, Armstrong and Crawfordsville; Table 5 ). At the McNay location, the NT system increased soybean yield by 11% compared to the CP and DR tillage systems in the C-S rotation (Table 6 ). In contrast, at the Nashua and Ames locations, soybean yields with NT were significantly lower (5% and 9%, respectively) than the yields with MP and DR tillage systems in the C-S rotation. Similarly, in the C-C-S rotation, the yields for CP, DR, and MP were greater than those for NT by 4% across all locations.
input cost and economic return
The input cost (excluding land rent and crop insurance for all sites) for the NT system was lower than that of conventional tillage systems in both rotations. Significant interactions were found between tillage and location for both input cost and economic return in C-S (P < 0.001) but not in C-C-S (P > 0.34; Table 5 ). In the C-C-S rotation, tillage significantly affected input cost (P = 0.001) but not the economic return (P = 0.997). In addition, the effect of location was not significant for either the input cost or the economic return in C-C-S (Table 5 ).
In the C-S rotation, economic return differed among tillage systems at the Nashua, Ames, and McNay locations. At the Ames and Nashua locations, the conventional tillage systems (CP, DR, and MP) resulted in a 13 and 5% increase in economic return, respectively, compared to NT and ST. At the McNay location, NT and ST resulted in a 17% increase in economic return compared to conventional tillage systems (Table 6 ). In the C-C-S rotation, tillage did not affect economic return.
rotation effects on soybean Yield and economic return
Soybean following 2 yr of corn produced higher yields than soybean following 1 yr of corn (Fig. 4) . However, the magnitude of the rotation effect varied across the seven locations in relation to regional weather condition and soil type. The effect of crop rotation on soybean yield and economic return was determined in a subset of data, in which soybean was present in both rotations in the same year. According to the statistical analysis, the three-way interaction (tillage × location × rotation) was not significant (P = 0.30) for yield and economic return. In addition, the interaction between rotation and tillage was not significant (P = 0.58) but the interaction between rotation and location was highly significant (P = 0.005). Therefore, the results are presented according to this interaction in Fig. 4 . The C-C-S rotation resulted in significantly Table 4 . Tests of fixed effects on soybean yield temporal variability within each crop rotation. corn-soybean (C-S) and corn-corn-soybean (C-C-S); year (Y) : 2003, 2004, 2005, 2006, 2007, 2008, 2009, 2010, 2011, 2012, and 2013; location (L) : Ames (central Iowa), Crawfordsville (southeast Iowa), Kanawha (north-central Iowa), Armstrong (southwest Iowa), McNay (south-central Iowa), Nashua (northeast Iowa), Sutherland (northwest Iowa); tillage system: no-tillage, strip-tillage, chisel plow, deep rip, moldboard plow. Table 5 . Rotation effects on soybean yield, input cost, and economic return.
Source of variation C-S rotation † C-C-S rotation † df
Source of variation df higher yields (5-9%) and economic returns (5-11%) than to those of C-S in five out of the seven locations. The locations with no significant differences in soybean yields were Kanawha and Sutherland (Fig. 4) . The location with the greatest response to rotation was Crawfordsville (15%), followed by the other two southern locations, Armstrong (14%) and McNay (13%). The results from this study suggest that the rotation effect was greater in southern locations (well-drained soils and warmer temperatures) than in the central and northern locations (cooler temperatures) (Fig. 1) .
economic return of cropping system
The cropping system of corn and soybean in this study encompasses three different crop rotations (C-C, C-C-S, and C-S). Even though the emphasis of this paper is on the soybean yield response to tillage system, crop rotation, location, and year-to-year weather variability, in this section, we combined recently published corn economic return data from the same study locations (Al-Kaisi et al., 2015) to provide an overall cropping system synthesis of economic returns that includes three rotations (C-C, C-C-S, and C-S). The results of the combined economic returns analysis, which does not include the Table 6 . Average values for soybean yields, input cost and economic return across experimental years as affected by five tillage systems for two rotations in Iowa. 462a  476b  508c  509c  509c  493  462  477  511  511  511  494  Crawfordsville  464a  478b  512c  512c  513c  496  466  480  513  513  514  497  Mean  -----463a  478b  512c  512c 512c - Sutherland  1430a 1368a 1399a 1358a 1383a  1388  1301  1310  1310  1355  1324  1316  Kanawha  1255a 1250a 1201a 1230a 1214a  1230  1276  1165  1290  1316  1311  1272  Nashua  1291a 1333a 1318a 1353a 1343a  1328  1314  1335  1266  1256  1297  1294  Ames  1005c  976b 1034c 1098a 1155ab 1054  1132  1125  1168  1143  1150  1144  Armstrong  1372a 1383a 1345a 1349a 1299a  1350  1187  1217  1188  1157  1119  1174  McNay  1152a 1077ab 896c  867c  994b  997  1126  1204  1139  1204  1192  1173  Crawfordsville  1325a 1299a 1256a 1294a 1348a  1304  1440  1466  1395  1420  1422  1429  Mean  -----1254a 1260a  1251a  1261a cost of land rent and crop insurance, are presented in Fig. 5 and Fig. 6 . The ANOVA indicated no significant effect of interactions among location, year, and cropping system on economic return (P = 0.110), but there were significant individual effects: cropping system (P = 0.0152), location (P = 0.040), and year (P = 0.037). Among these factors, the choice of cropping system had the strongest influence on the economic return. discussion temporal and spatial variability in soybean Yield The temporal and spatial variability of soybean yield ranged from 1.5 to 5.0 Mg ha -1 . The lowest yields were consistently obtained at the McNay location (Fig. 2 and Fig. 3) and were attributed to the high clay content and poorly drained soils. These conditions lead to slow water infiltration rates resulting in slower subsoil water recharge and an increase in surface runoff (Kennett-Smith et al., 1994) . This resulted in poor root development and lower crop yield, especially in the conventional treatments (Al-Kaisi et al., 2013) . The variability in soybean yields at different locations ranged from 15 to 26% (Fig. 2 and Fig. 3 ) most probably because of complex interactions between soil conditions and weather events. To have better understanding of yield variability, we analyzed management practices and weather conditions for the C-S rotation (where more data points were available). This was done to identify the combinations of management practices and weather conditions that resulted in the highest soybean yields at each location separately. More specifically, planting time, cultivar maturity, precipitation, and temperature during the growing season were examined. At Sutherland and Kanawha (northern locations), the high-yielding years were 2005 for Sutherland and 2012 for Kanawha (Fig. 2) , associated with warmer spring and summer temperatures than other years ( , 2007 ( -2013 for Kanawha; Fig. 2 ). Planting time and cultivar did not differ among years for these two locations. However, the warmer spring and summer appeared to have favored high soybean yields in these locations, which was most probably because of faster canopy development early in the season, resulting in greater crop growth rates and grain yields. Seddigh and Jolliff (1984) reported that lower night temperatures of 10°C restricted soybean seed growth but higher nighttime temperatures (24°C) enhanced early vegetative growth in soybeans, advanced reproductive development and physiological maturity, and increased seed yield. However, final vegetative dry matter, pod weight, and leaf area generally reduced as night temperatures rose above 10°C. Schlenker and Roberts (2009) reported similar results, where a significant correlation occurred between warmer temperatures up to 30°C and soybean yield increase, but indicated that temperatures higher than the threshold were harmful to soybean growth and yield, where the slope of decline above the optimum was significantly steeper than the incline below the optimum. During the high-yielding years, precipitation amounts during the growing seasons were at or below the historical value for those northern (Sutherland and Kanawha) locations (Fig. 1) . In contrast, at the third northern location (Nashua), the high-yielding years 2013; Fig. 2) were associated with periods of high precipitation during May, June, and July compared to other years (2003-2009 and 2011-2012) . Temperature, planting time, and cultivar were similar across years at that location. This means that the years of low soybean yield at the Nashua location can be explained by limited soil moisture, consistent with the findings of Grassini et al. (2014) , Botta et al. (2010) , and Yin and Al-Kaisi (2004) . This finding shows the interaction complexity that exists among different factors such as years, management, and locations, which makes it extremely difficult to generalize limiting-factor effects by region to identify the ideal growing conditions (Grassini et al., 2014) .
In the central Iowa (Ames) location, the high-yielding years 2012, Fig. 2) were associated with warmer spring and summer temperatures and higher precipitation amounts in August (55 mm more than the historical average) than other years (2004-2008; Fig. 2) . Temperature, cultivar, and planting time did not differ substantially among the study years at the Ames location. In the southwest Iowa (Armstrong) location, the high-yielding year (2009, Fig. 2 ) was associated with less precipitation in May, more in June, less in July, and more in August, as well as cooler temperatures in July and August than other years (2003-2007 and 2011-2013) . The seasonal variability in precipitation was reflected in soybean yields, demonstrating the importance of precipitation distribution over the growing season at this location. Korte et al. (1983) reported that irrigation during pod elongation increased the number of pods of soybeans, seeds per plant, and seed weight, resulting in increased seed yield. In the south-central Iowa (McNay) location, the high-yielding year (2004, Fig. 2 ) was associated with less precipitation in May, cooler temperatures in summer time, and higher precipitation in August than other years (2006 . Planting times and cultivar were consistent across years for this location. In the southeast Iowa (Crawfordsville) location, the high-yielding years (2005 and 2009, Fig. 2 ) were a result of cooler temperatures and greater precipitation in August (65 mm more) than other years (2003, 2004, 2006, 2007, 2011, and 2013) .
This analysis showed that soybean yields were maximized in some years, mostly because the weather conditions were favorable, especially temperature and precipitation distribution during the growing season. This finding is consistent with that of Grassini et al. (2014) , who reported that variation in rainfed soybean yield in Nebraska was strongly correlated with July to August rainfall events and seasonal water deficit. The ratio between maximum and average yield in our study, which is an indication of the soybean yield gap, varied across locations from 17 to 30%. Similar to this finding is a 16% variability reported by Grassini et al. (2014) for the soybean yield gap across different regions in Nebraska.
tillage effects on soybean Yield, input cost, and economic return
Higher soybean yields and economic returns (excluding land rental and crop insurance costs) were observed with conventional tillage (CP, DR, and MP) than with NT at three northern locations (Ames, Kanawha, and Nashua) with the C-S rotation and none with the C-C-S rotation. At three out of seven locations, the lower soybean yield and economic return associated with NT can be attributed to the cold early spring soil temperatures with NT systems, which resulted in slower seed germination and seedling emergence. This was especially observed at the northern locations (Ames, Kanawha, and Nashua) (Licht and Al-Kaisi, 2005) . Cool soils may lead to poor root growth, potential root diseases, and greater weed competition in NT systems (Botta et al., 2010) . Studies addressing the effect of tillage systems on soybean yield in Wisconsin (Pedersen and Lauer, 2004) , Minnesota (Archer and Reicosky, 2009) , Illinois (Villamil et al., 2012) , Iowa , and Argentina (Botta et al., 2010) found similar results, namely that tilled fields in poorly drained soils had slightly higher soybean yield than no-tilled fields.
Despite the somewhat lower soybean yield under NT in cool environment and poorly drained soils, Al- reported equal or greater economic return for soybean with NT than with conventional tillage in Iowa. Archer and Reicosky (2009) also reported an 18% ($85) higher net return for soybean with NT ($557 ha -1 ) than with MP ($472 ha -1 ) in Minnesota. Regardless of the potential benefits of NT for equal or greater economic returns with soybean, farmers in the United States are hesitant to adopt no-tillage for lack of adequate information regarding its economic impacts (Ascough et al., 2009 ). Some of the reasons for the less-than-desirable performance of soybean with NT in certain regions, especially those with poorly drained soils and cold soil conditions, may include delayed crop growth and development and increased difficulties in soil and pest management (Botta et al., 2010; Licht and Al-Kaisi, 2005; Yin and Al-Kaisi, 2004) .
The results from the five different tillage systems examined in this study displayed the importance of location-specific tillage systems for the improvement of soybean yields. This study demonstrated that soybean yields in different tillage systems were similar across most locations in the state. However, the variability in tillage performance was most evident at the McNay location, where the average soybean yield with NT and ST (3.36 Mg ha -1 ) was 10% greater than conventional tillage (Table 3 ) and, consistent with Carter (2005) , demonstrated that it is possible to obtain soybean economically with conservation tillage systems even in areas with fewer crop heat units.
rotation effect on soybean Yield and economic return
In general, soybean in rotation with cereals results in higher yields than monoculture soybean (Santos et al., 2014; Stanger et al., 2008) . This study showed that average soybean yields were higher in C-C-S than in C-S in the majority of locations (Table 5) . A study from Indiana (Xing and Westphal, 2009) showed that annual rotation of soybean with corn in a C-S rotation caused soybean to be highly susceptible to severe soilborne diseases, including sudden death syndrome caused by Fusarium virguliforme and the soybean cyst nematode (Heterodera glycine), which can reduce soybean yield (Villamil et al., 2012; Kinloch, 1980) . Crop rotations are used to control or break disease cycles such as soybean cyst nematode disease during the growing season (Kinloch, 1980) . Several years of corn before soybean can increase soybean yield (Lund et al., 1993) . In Wisconsin, similar to the findings of our study, Lund et al. (1993) reported a 15 to 20% lower soybean yield in a C-S rotation than the first-year soybean yield after five consecutive years of corn. Similar reports in Wisconsin Lauer, 2002, 2003) also reported an 8% higher soybean yield following five consecutive years of corn compared to soybean yields in a yearly C-S rotation. There was no clear reason given for the soybean yield difference caused by rotation differences. However, in another study, Pedersen and Lauer (2004) reported a 6% increase in plant height and 17% more dry matter per plant for first-year soybean plants following five consecutive years of corn, supporting the hypothesis that growth alterations in plant development occur when soybean is grown in different rotation sequences (Pedersen and Lauer, 2004) . In this study, the better performance of C-C-S rotation over C-S was demonstrated by greater yields (5-9%) and economic return (5-11%) based on all inputs costs, except land rent and crop insurance costs in five out of seven locations. The locations with no significant differences in soybean yields were Kanawha and Sutherland (Fig. 4) .
economic return of cropping systems
The economic return of different cropping systems (C-S, C-C-S, and C-C) is a strong indicator that can be used in the decision-making process for designing a profitable cropping system. This study showed that in the long term and across seven locations, the C-S rotation consistently showed more stability, especially in wet (2010) and dry (2012 and 2013) years than the other two rotations (C-C-S and C-C). The economic analysis (excluding land rental and crop insurance cost) shows that the inclusion of corn in the rotation more frequently, as in C-C-S or C-C in the cropping system, has a negative effect on the economic return of corn, especially in the continuous corn system. However, in certain years and in most locations, the use of two consecutive years of corn in the rotation showed an advantage in soybean's economic return. On the other hand, across all locations, the C-C rotation showed a significant decline in economic return compared to the other two rotations and caused a negative economic return in certain locations, such as the south-central location (McNay) (Fig. 5) . The effect of cropping system on economic stability and sustainability is highly driven by the type of crop rotation used in the cropping system, as documented by other studies (Santos et al., 2014; Munkholm et al., 2013; Guastaferro et al., 2010; Stanger et al., 2008) . In addition, the yearly variability in economic return is a function of yield response and its stability within a balanced and extended crop rotation in a cropping system (Toliver et al., 2012; Coulter et al., 2011; Pedersen and Lauer, 2002) .
conclusions
The findings of this study demonstrate that the soybean response to rotation is highly influenced by region-specific conditions (i.e., soil type, weather variability, etc.). Tillage systems in the majority of locations had no significant effects on soybean yield and subsequent economic returns. Yields across the southern locations (well-drained soils and warmer temperatures) were greater than in the central and northern locations (cooler temperatures). The findings also demonstrate the regional effects on soybean yield and economic return with different tillage systems and crop rotations. The study did not show any significant effects of different tillage systems on yield in the majority of sites but showed a substantial crop rotation effect on both soybean yield and economic return. The temporal variability in soybean yield reflected the yearly weather variability across all locations. Significant differences in yield and economic return were observed at the northern and southern locations with 15 to 21% yield variability across the northern locations and 16 to 24% across the southern locations. The soybean yield response to different tillage systems within crop rotations was similar but, in the northern part of the state, NT yield was significantly lower than that of conventional tillage systems (CP, DR, and MP).
In the southern part of the state with frequent drought events, NT and ST showed an advantage over conventional tillage systems (CP, DR, and MP). Soybean yield and economic return with the C-C-S rotation showed an advantage over the C-S rotation. On average, NT had a lower input cost ($463 ha -1 ) and a greater economic return (1258 ha -1 ) than conventional tillage ($512 and $1241 ha -1 , respectively). However, the effect of cropping system effect on economic return generally showed a greater stability and profitability in the C-S system, followed by the C-C-S rotation. This suggests the long-term yield and economic stability of cereal-legume crop rotations over monocropping systems.
